Objective: Tenascin-C, an extracellular matrix glycoprotein, is thought to play an important role in neointimal hyperplasia of artery bypass grafts. In this study, the direct contribution of tenascin-C to neointimal hyperplasia of free artery grafts and the origin of tenascin-C-producing cells were examined using tenascin-C transgenic mice. Methods and results: Abdominal aorta-to-carotid artery interposition grafting was performed in mice. When grafts from wild-type mice were transplanted to wild-type, neointimal hyperplasia was observed in the grafts at days 14 and 28. Immunohistochemical staining showed strong expression of tenascin-C in the media and neointima of the grafts. Much less neointimal hyperplasia was seen when grafts from tenascin-C-deficient mice were transplanted to tenascin-C-deficient mice. In tenascin-C-deficient grafts transplanted to wild-type mice, tenascin-C deposition was observed only in the neointima. In the reverse combination, deposition was seen in the media and neointima. The source of the tenascin-C-producing cells was analyzed using heterozygous mice that identically express both tenascin-C and LacZ. While LacZ-positive cells were seen only in the neointima of artery grafts from wild-type transplanted to mutant mice, positive cells were detected in both the neointima and media in grafts from mutant to wild-type mice. Conclusions: We presented direct evidence that tenascin-C is a crucial molecule in neointimal hyperplasia in free artery grafts, and that tenascin-C-producing cells are derived from both donor grafts and recipients.
Introduction
Artery graft stenosis at the site of anastomosis induces neointimal hyperplasia and eventually results in occlusion of the graft [1] . Recruitment of smooth muscle cells (SMCs) and excess deposition of extracellular matrix (ECM) are the pathogenesis of neointimal hyperplasia [2] . Among various ECM proteins, tenascin-C (TNC) is prominent in a variety of actively remodeling cardiovascular tissues, such as in human coronary atherosclerotic plaque [3] , rat balloon-injured artery [4] , abdominal aortic aneurysm [5] , and arterialized human vein grafts [6] , as well as in the early stage after percutaneous transluminal coronary angioplasty [7] . In vitro studies have demonstrated that TNC blocks adhesion of SMCs to fibronectin [8] and promotes migration [9] and growth factor-dependent SMC proliferation [10] . In addition, platelet-derived growth factor (PDGF) and angiotensin II are stimulants for TNC synthesis in cultured SMCs [8, 11] .
To prevent neointimal formation after surgery, local applications of various drugs have been attempted in animal Cardiovascular Research 74 (2007) 366 -376 www.elsevier.com/locate/cardiores experimental models, which suppressed neointimal hyperplasia of vein grafts and injured arteries by inhibiting migration and proliferation of SMCs [12] [13] [14] [15] [16] . In fact, in a previous study we demonstrated that local administration of cilostazol, a specific inhibitor of cAMP phosphodiesterase III inhibitor, remarkably suppressed neointimal hyperplasia, and was associated with inhibiting TNC expression and cell accumulation in the neointima of free artery grafts of rats [17] . Cilostazol inhibited not only PDGF-induced SMC proliferation, but also TNC mRNA expression induced by PDGF in cultured aortic SMCs [17] . We also demonstrated that neointimal formation at suture sites after aortotomy in TNC-deficient mice was noticeably reduced compared to that in wild-type [18] . TNC may be a prime target for therapy in suppressing neointimal hyperplasia after vascular surgery. The cellular origin of SMC emerging in hyperplastic neointima is still controversial. It is generally believed that SMCs in neointima of transplanted grafts are derived from the SMCs of the medial layer [19] [20] [21] . However, neointimal SMCs can be distinguished from medial SMCs by their cytoskeletal features and responses to a variety of growth factors and cytokines [22] . Recent studies have described that SMCs in neointimal lesions of transplanted grafts originate from recipients, but not donor grafts [23, 24] . By analyzing animal models using immunohistochemistry and in situ hybridization, we have noticed the emergence of α-smooth muscle actin (α-SMA) positive cells, suggesting their production of TNC in hyperplastic neointima. We believe that α-SMA positive cells (SMCs and/or myofibroblast) producing TNC migrate into the neointima and proliferate, followed by neointimal formation.
In this study, using a mouse model of an abdominal aortato-carotid artery interposition grafting, we examined the direct contribution of TNC to neointimal hyperplasia in free artery grafts, as well as the origin of TNC-producing cells. To facilitate this, we employed gene-manipulated mice with a targeted deletion of the TNC gene by replacement with a construct with β-galactosidase (LacZ) reporter.
Materials and methods

Animals and vessel reactivity assay
Artery transplantation was performed using 8 to 10 week old male TNC-deficient (TN−), heterozygous mutant (TN+/−) and wild-type (WT) mice of the BALB/c strain. Deletion of the TNC gene was performed by targeting a construct containing the LacZ gene to the TNC locus [25] . All studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the guidelines approved by the Mie University Animal Experiment and Care Committee.
Blood pressure measurements were performed with the BP-98A (Softron, Tokyo, Japan) tail cuff system while the animals were conscious.
The vessel reactivity of TN− mice was examined according to a method described previously [26] . Briefly, aortas removed from WT and TN− mice were carefully cleaned of fat and connective tissue in modified Krebs-Henseleit solution. Ring segments (2 mm) were cut and suspended vertically between hooks in an organ bath (20 ml) containing modified KrebsHenseleit solution maintained at 37°C and bubbled with a mixture of 95% air-5% CO 2 . The optimal resting tension for the vasocontraction and vasodilation studies was adjusted to 1 g for both WT and TN− mice. At this resting tension, the peak contraction was obtained in response to 70 mM KCl. In all experiments, changes in isometric force were measured with a force-displacement transducer (TB-651T; Nihon Kohden, Tokyo, Japan) connected to a carrier amplifier (EF601G; Nihon Kohden) and recorded on a pen recorder (WT-645G; Nihon Kohden). Concentration-response curves were obtained by cumulative addition of the studied drugs including noradrenaline (10 − 10 -10 − 6 M, Sankyo, Tokyo, Japan) and phenylephrine (10 − 9 -10 − 5 M, Kowa, Nogoya, Japan), respectively. Next the rings were precontracted with phenylephrine to obtain 50-80% of the maximal contraction induced by 70 mM KCl. Cumulative dose-tension curves were obtained for acetylcholine hydrochloride (10 − 8 -10 − 4 M, Nacalai Tesque, Kyoto, Japan) or sodium nitroprusside (10 − 9 -10 − 5 M, Nacalai Tesque). Finally, 10 − 4 M papaverine hydrochloride (Nacalai Tesque) was added to produce maximal relaxation. The results of each drug were expressed as a percentage of the relaxation induced by papaverine.
Gelatin zymography
The gelatinolytic activity was analyzed according to a method described previously [27] . Briefly, aortas removed from WT and TN− mice were homogenized in sample buffer (4 μl buffer/mg tissue) containing 10 mM Tris/HCl (pH 7.6), 20% glycerin, 2% SDS, and 0.1% bromphenol blue. The homogenates were clarified by centrifugation and then separated by electrophoresis on 10% polyacrylamide gel containing 0.1% SDS and 1 mg/ml gelatin as a substrate. Thereafter, gels were washed in the reaction buffer (50 mM Tris-HCl (pH 7.6), 0.15 M NaCl, 10 mM CaCl 2 , and 0.02% NaN3) containing 2.5% Triton X-100 for 1 h to remove SDS. The gels were then incubated for 24 h at 37°C in the reaction buffer and stained with 0.1% Coomassie Brilliant Blue R250. The location of gelatinolytic activity was detectable as a clear band in the background of uniform staining. Pro-and activated matrix metalloproteinase (MMP) 2 bands were detected at 66 and 62 kDa, respectively. The ratio of activated MMP-2 to total MMP-2 activities (62 kDa/66 kDa+ 62 kDa) was calculated from their gelatinolytic activities measured by computer-assisted image analysis according to a method reported previously [28] .
Free artery graft model
Donor and recipient mice were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). Using a sterile technique, we exposed the aorta below the renal arteries through an abdominal incision. A 3.0-millimeter segment of infrarenal aorta was removed from the donor mouse. For the recipient mouse, the right common carotid artery was mobilized free from the bifurcation at the distal end toward the proximal end and was then cut in the middle. The donor aortic segment was transplanted into the recipient right carotid artery in an end-to-end fashion. Anastomosis was performed by interrupted 11-0 nylon sutures without injuring the intima.
Six transplant groups were assigned (Fig. 1) . Four groups were used to examine the direct contribution of tenascin-C to neointimal hyperplasia of free artery grafts: WT donor graft transplanted into the WT recipient group (WTNWT), WT donor graft into the TN− recipient group (WTNTN−), TN− donor graft into the WT recipient group (TN−NWT), and TN− donor graft into the TN− recipient group (TN−NTN−). The other two groups were used to examine the origin of TNCproducing cells in the neointimal lesion: WT donor graft into the TN+/− recipient group (WTNTN+/−), and TN+/− donor graft into the WT recipient group (TN+/−NWT).
Graft harvesting and morphometric analysis
The grafts were harvested at days 14 and 28 (8 mice per group at each time point) under anesthesia. Recipient mice were perfused with 20 ml of heparin-prepared saline followed by 50 ml of 10% neutral buffered formalin solution. The grafts were exposed carefully and extracted, including proximal and distal normal right common carotid artery, and then postfixed in the same fixative at 4°C for 1 day and embedded in paraffin. For histological analysis of the graft body, four cross-sections (4 μm-thick) were cut from the mid-portion between the distal anastomosis and the center of the graft. Four cross-sections were selected from the distal anastomotic sites and stained with elastica van Gieson to demarcate the internal elastic lamina. For each section, the ratio between the neointima and the media was calculated using an image analysis system (Adobe Photoshop version 5.0J and NIH Image version 1.61, Macintosh) as previously described [18] .
Immunohistochemistry and histochemistry
Immunohistochemical staining for TNC was performed according to a previously reported method [29] . In brief, sections were first incubated with a rabbit anti-human polyclonal antibody (1 μg/ml) and then with peroxidaseconjugated anti-rabbit IgG (1:200; MBL, Nagoya, Japan), followed by color development with diaminobenzidine/ H 2 O 2 solution. Light counterstaining with hematoxylin was performed. Rabbit control IgGs were used instead of primary antibodies as negative immunostaining controls. Immunohistochemical staining for proliferating cell nuclear antigen (PCNA), Ki67, and α-SMA was performed using mouse monoclonal antibody against PCNA (PC10, EPOS, DAKO, Tokyo, Japan), monoclonal rat anti-mouse Ki67 (DAKO, Tokyo, Japan), and peroxidase-conjugate anti-α-SMA antibody (EPOS, DAKO, Tokyo Japan), respectively [17] . The PCNA or Ki67 labeling index was determined by dividing the number of PCNA-or Ki67-positive cells, respectively, by the total number of nucleated cells in neointima and media from each section.
Collagen fibers were stained with picrosirius red as previously reported [30] and examined under a polarization microscope. Collagen content area and media area were measured in picrosirius red stained aortic tissues using a wall-tracking tool and calculated as the relative collagen content as previously reported [31] .
LacZ staining
In these transgenic mice, LacZ staining reflects the endogenous expression pattern of the TNC gene [25] . LacZ staining was performed according to a previously reported method [32] . The grafts were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at 4°C, washed with 0.1 M phosphate buffer containing 2 mM MgCl 2 , 0.01% sodium deoxycholate, and 0.02% Nonidet P-40 and incubated at 37°C overnight with X-gal solution (5.0 mM potassium ferrocyanide, 5.0 mM potassium ferricyanide, 1 mg/ml X-gal). The grafts were then further fixed in 4% paraformaldehyde, and embedded in paraffin. Thin sections (5 μm) were deparaffinized, lightly counterstained with nuclear fast red, and used for histological analysis. For double staining of LacZ and α-SMA, we performed α-SMA immunohistochemistry using the sections with LacZ staining.
Statistical analysis
Statistical analysis was carried out using standard software (StatView 5.0.1, SAS Institute, Inc.). Values were expressed as the mean ± standard deviation (S.D.). Statistical analysis between TN− and WT mice in Table 1 was performed using the Mann-Whitney U-test. Differences between groups for repeatedly measured variables (vessel reactivity assay) were analyzed by analysis of variance (ANOVA). One-way ANOVA was used to compare differences between groups for the mean neointima/media area ratios, PCNA indices and KI67 indices. If ANOVA showed significant differences, post hoc nonparametrical testing (Fisher PLSD) was added. A p value of b0.05 was considered statistically significant.
Results
Phenotypic analysis of TN− mice
As shown in Table 1 , there were no significant differences in body weight, inner diameter or lumen areas of the abdominal aorta and common carotid artery, and in blood pressure between TN− and WT mice. Vessel reactivity was examined by organ bath tension measurements using aortic rings. The aortic rings from TN− mice and those from WT mice showed similar contractions in response to noradrenaline and phenylephrine ( Fig. 2A,B) . Phenylephrine-precontracted aortic rings from TN− mice and those from WT mice also showed similar responses to acetylcholine and sodium nitroprusside (Fig. 2C,D) . In addition, gelatin zymography revealed no significant differences in the activity of MMP-2 in aortic tissues between TN− and WT mice ( Table 1 ). The expression of MMP-9 was also found in aortic tissues, but the band of activated MMP-9 was not detected in either TN− or WT mice. No significant differences of collagen content were recognized between TN− and WT mice (Table 1) .
Neointimal hyperplasia in WT mice grafts
In the WTNWT group, neointimal hyperplasia was seen in both the graft body (Fig. 3A) and distal anastomotic site (Fig. 4A) at postoperative day 14 and had markedly progressed by day 28 without medial thickening. Marked neointimal hyperplasia was observed in the graft body close to the distal anastomotic site, gradually decreasing as it extended to the proximal anastomotic site. Therefore, for histological analysis we selected the mid-portion between the distal anastomosis and the center of the graft. The mean neointima/media area ratios for the graft body and the distal anastomotic site at day 28 were significantly increased compared with those at day 14 (graft body: 0.95 ± 0.173 vs. 0.336 ± 0.052, p b 0.01, distal anastomotic site: 1.079 ± 0.056 vs. 0.517 ± 0.064, p b 0.01) (Figs. 3B and 4B ). Immunohistochemical staining showed α-SMA positive cells in the neointima at day 14 (data not shown) and the number of these cells increased in the neointima at day 28, paralleling the neointimal thickness (Fig. 3A) .
Decrease in neointimal hyperplasia in TNC-deficient mice groups
The neointimas of the TN−NTN− group were noticeably smaller than those of the WTNWT group in both the graft body and the distal anastomotic site at days 14 and 28 ( Figs. 3 and 4) . The mean neointima/media area ratios of the graft body and distal anastomotic site in the TN−NTN− group were significantly lower than those in the WTNWT group at day 14 (graft body: 0.084 ± 0. (Figs. 3B and 4B ). The mean neointima/media area ratios of the graft body and the distal anastomotic site in the TN−NTN− group were reduced to 12.6% and 28.7%, respectively, at postoperative day 28 compared to the WTNWT group. The mean neointima/ media area ratios of the graft body in the WTNTN− group and TN−NWT group at days 14 and 28 were significantly lower than those in the WTNWT group (p b 0.01), and but higher than those in the TN−NTN− group (day 14: p b 0.01; day 28: p b 0.05) (Fig. 3B) . The mean neointima/media area ratios of the distal anastomotic site in the WTNTN− and TN−NWT groups at days 14 and 28 were significantly higher than those in the TN−NTN− group (p b 0.01) (Fig. 4B ). There were no significant differences between the WTN TN− and TN−NWT groups in mean neointima/media area ratios.
Cell proliferation in neointima and media
To assess the extent of proliferation of neointimal cells, cross-sections at days 14 and 28 were stained using Fig. 5A,B) . At day 14, the PCNA indices in the WTNWT group were twice those in the TN−NTN− group. At day 28, PCNA indices at the graft body and distal anastomotic site tended to be higher in the WTNWT group than in the TN−NTN− group. In the WTNTN− and TN−NWT groups, PCNA indices at day 14 were significantly lower than those in the WTNWT group (p b 0.01), and were significantly higher than those in the TN−NTN− group at the graft body (p b 0.01 and p b 0.05, respectively). In cell proliferation analyses using Ki67 antibody, the indices showed similar results to those for the PCNA indices (Fig. 5C,D) . However, at day 28, Ki67 indices at the graft body were significantly higher in the WTNWT group than in the TN−NTN− and TN−NWT groups (p b 0.01 and p b 0.05, respectively), but were significantly lower in the TN−NTN− group than in the WTNTN− group (p b 0.05).
Expression of TNC in mouse artery grafts
In the WTNWT and WTNTN− groups, TNC immunolabeling was seen prominently in the neointima but also in the media at day 14 after grafting ( Fig. 6a,b) . At day 28, TNC staining was detected in the neointima of the graft body, whereas staining became weaker in the media (Fig. 6e,f) . While TNC expression was not observed in the TN−NTN− group (Fig. 6d,h) , it was clearly detected only in the neointima at days 14 and 28 in the TN−NWT group (Fig. 6c,g ).
Origin of TNC-producing cells
In this experimental design (transplant of heterozygous tissues to wild mice, and vice versa), cells from both recipient and donor have the ability to synthesize TNC. The cells that originated from heterozygous tissues become positive for LacZ staining when they express TNC. Therefore, we can identify that the blue LacZ-positive cells are responsible for synthesis of TNC and originate from heterozygous tissue. In respect to the macroscopic appearance of the explanted grafts of the WTNTN+/− group (Fig. 7A) , apparent blue LacZ staining was seen in the recipient vessel at the distal anastomotic site. The expression extended to the graft body across the anastomosis, which indicated that the recipient vessel synthesized TNC. In histological sections of the recipient vessel at the anastomotic site, numerous LacZpositive cells were seen throughout the vascular wall particularly around the suture thread. LacZ-positive cells were also found in the graft body from wild-type mice, but only in the neointima, at day 14 (Fig. 7B) . With careful observation of the serial sections, LacZ-positive cells were seen in a line across the distal anastomosis, suggesting that TNC-producing cells that originated from the recipient may have migrated to the transplanted graft over the anastomotic sites (Fig. 7B ). In the TN+/−NWT group, intense LacZ staining was macroscopically observed in the graft body close to the distal anastomotic site, gradually decreasing as it extended to the proximal anastomotic site. In histological sections of the area, LacZ-positive cells were detected in both media and neointima of the graft body at day 14. Double staining between α-SMA and LacZ showed that some LacZpositive cells overlapped with α-SMA positive cells in both the WTNTN+/− and TN+/−NWT groups (Fig. 7B ).
Discussion
In this study, we established an abdominal aorta-tocommon carotid artery interposition grafting model by endto-end suturing in mice based on the premise of free artery grafts in coronary artery bypass grafting. Shi et al. [33] established the first mouse model of transplant arteriosclerosis by end-to-end suturing of carotid artery segments to carotid arteries, and Koulack et al. [34] reported aortic transplantation to the infrarenal aorta by an end-to-end anastomosis. Furthermore, Dietrich et al. [35] developed a simplified mouse model of transplant arteriosclerosis of carotid artery or aortic segments to carotid arteries using a cuff technique. In this study, we modified these models by end-to-end suturing of aortic segments to carotid arteries. In the WTNWT group, neointimal hyperplasia was formed around at postoperative day 14 in both the graft body and the distal anastomotic sites with an increase in the PCNA and Ki67 indices indicating cell proliferation and was markedly progressed by day 28. It was considered that the caliber difference between the abdominal aorta and the common carotid artery yields stenosis at the distal anastomotic sites. A stenosis causes blood turbulence and/or shear stress in grafts, which results in neointimal hyperplasia through stimulated SMC migration and proliferation with deposition of ECM.
In vitro studies have demonstrated that TNC promotes migration [9] and growth factor-dependent proliferation of arterial SMCs [11] . Although marked expression of TNC has been found in various vascular lesions in active phases [3, 4, 6, 7] , its functional significance during the development of neointimal hyperplasia remains obscure. We recently demonstrated the contribution of TNC to neointimal hyperplasia in a simple aortotomy model using TNCdeficient mice [18] . In this regard, we carried out the present study to elucidate the direct contribution to stenosis of free artery graft transplantation using TNC-deficient mice. First, we confirmed that there is no difference in geometrical values of the arteries, their physiological nature, MMP expression or collagen content between WT and TN− mice. The four experimental groups in this study were a combination of donor grafts and recipients in WT and TN− mice. The mean neointima/media area ratio at day 28 in the TN−NTN− group was decreased as low as 1/6 in the graft body and as low as 1/4 at the distal anastomotic sites compared with that in the WTNWT group. PCNA labeling index at day 14 was decreased by almost half in the graft body and the stenotic site of the anastomosis. These results indicate that TNC is a crucial molecule in neointimal hyperplasia in artery grafts. Interestingly, the mean neointima/media area ratios in the WTNTN− or TN−NWT groups were significantly lower than that in the WTNWT group and higher than that in the TN−NTN− group, with no significant difference between the WTNTN− and TN−NWT groups. These results suggest that TNC produced by both donor grafts and recipient tissues may be equally involved in developing neointimal hyperplasia of artery grafts and that the severe stenotic lesion in the WTNWT group is a result of summation of the effects.
In the aortic segments donated by WT mice (WTNWT and WTNTN− groups), the changes in the distribution of TNC expression during the first 28 days after surgery, which seemed to shift from the media to the neointima, were similar to those previously observed in free artery grafts in rats [17] . By contrast, in the grafts donated by TN− mice transplanted to WT mice (TN−NWT group), the expression of TNC protein was detected only in the neointima, and was associated with the emergence of predominant α-SMA positive cells. Therefore, it seems likely that local SMCs in the media of the graft synthesize TNC and move to the neointima; simultaneously, recipient cells then migrate into the neointima from somewhere outside the graft. Traditionally, it has been believed that α-SMA positive cells in the neointima were derived from the medial SMCs of donor arteries migrating through the internal elastic lamina into subendothelial spaces [19] [20] [21] . However, recent studies have suggested that bone marrow cells are a source of smooth muscle-like cells in neointimal lesions in injured vessels [22] and transplanted grafts [23, 24] . Hu and coworkers [36] demonstrated that α-SMA positive cells in neointima of atherosclerotic lesions in allografts are derived from recipients (pericytes in the microvasculature of liver and spleen), but not bone marrow progenitor cells. The authors also described that medial SMCs of recipient anastomosed arteries never migrate into the grafts, because cuff techniques were used for anastomosis of the graft to the recipient artery, in which no media SMCs contacted each other between the donor and recipient.
In the grafts from heterozygous mice, we found that LacZ-positive SMCs in the media migrated into the neointima through the internal elastic lamina, which suggest that deposition of TNC can be, at least partly, a local reaction by medial SMCs. On the other hand, we also found LacZpositive cells in the grafts donated by wild-type mice, indicating that these TNC expressing cells evidently came from the heterozygous recipient. Careful observation also suggests that some TNC-producing cells may directly migrate from recipient vessels into the neointima of grafts across the anastomosis. In vascular lesions, several types of cells including SMCs [8, 17] , fibroblasts [37] , myofibroblasts [38] , and endothelial cells [39] have been reported to express TNC protein. The double staining of LacZ and α-SMA showed that TNC-producing cells were positive for α-SMA in both the TN+/−NWT and WTNTN+/− groups. Thus, α-SMA positive cells producing TNC in the neointima of free artery grafts can originate from not only the donor grafts but also from recipients, at least partly including recipient arteries.
Finally, this study indicates that TNC is a crucial molecule as it causes neointimal hyperplasia of artery grafts at an early stage. Therefore, we propose that TNC represents a prime target for therapy to inhibit SMC migration and proliferation in free artery grafts. On the basis of the origin of TNCproducing cells (both donor grafts and recipient arteries), we could consider that combined treatment of local and systemic drug administration may be more effective for inhibiting neointimal hyperplasia of free artery grafts.
